After surgical removal of two-thirds of the liver, remaining hepatocytes replicate and restore hepatic mass within 2 weeks. This process must be initiated by signals extrinsic to the hepatocyte, but it remains unclear whether subsequent events leading to DNA synthesis (S phase) are regulated by circulating or locally produced growth factors (a noncell autonomous response), or by a program intrinsic to the hepatocyte itself (a cell autonomous response). To identify the type of mechanism regulating passage to S, we exploited the difference between rat and mouse hepatocytes in the timing of DNA synthesis after partial hepatectomy, which peaks 12-16 h earlier posthepatectomy in rat compared with mouse. Four groups of animals received two-thirds partial hepatectomies: rats, mice, mice with chimeric livers composed of both transplanted rat hepatocytes and endogenous mouse hepatocytes, and mice with chimeric livers composed of both transplanted and endogenous mouse hepatocytes. Following two-thirds partial hepatectomy, both donor and endogenous hepatocytes in mouse͞ mouse chimeric livers displayed kinetics of DNA synthesis characteristic of the mouse, indicating that transplantation per se did not affect the response to subsequent partial hepatectomy. In contrast, rat hepatocytes in chimeric mouse livers displayed rat kinetics despite their presence in a mouse host. Thus, factors intrinsic to the hepatocyte must regulate the timing of entry into DNA synthesis. This result defines the process as cell autonomous and suggests that locally or distantly produced cytokines or growth factors may have a permissive but not an instructive role in progression to S.
A
fter surgical removal of two-thirds of the liver, hepatocytes exit a mitotically inactive resting state (G 0 phase) and traverse G 1 phase, DNA synthesis (S phase), mitosis, and cytokinesis, resulting in replacement of lost cells and restoration of hepatic mass within 1-2 weeks after surgery (1, 2) . This precisely regulated response to partial hepatectomy provides one of the most striking examples of the body's ability to recognize and repair tissue damage. Because the timing of entry of hepatocytes into DNA synthesis after hepatectomy is highly synchronous, this process has been studied extensively to provide insight into how the body regulates cell replication. Two important questions have been raised about the liver's early response to hepatectomy. First, what signal(s) initiate the process of restoration of liver mass? Second, once initiated, how is the process regulated?
Clues to the initiating events were provided by genetically modified mice. Mice lacking either the tumor necrosis factor ␣ receptor I (TNFR-I) gene (3, 4) or the interleukin-6 (IL-6) gene (5) exhibited a severely blunted response to partial hepatectomy. Hepatocyte entry into S phase was blocked or delayed, and a large fraction of hepatectomized mice failed to survive the procedure. In both groups, a normal response could be restored by a single injection of IL-6 1 h before surgery. Detailed studies of these experimental systems identified the transcription factors NF-B (nuclear factor B) and STAT 3 (signal transducer and activator of transcription) as important targets of TNFR-I͞IL-6 signaling. The molecular signals described above are thought to be completed within the first several hours posthepatectomy, and to bring about the hepatocyte transition from G 0 to G 1 (2) .
The second question concerns the nature of the transition through G 1 to S phase. Numerous reports have detailed the identity and pattern of expression of genes during G 1 progression (reviewed in ref. 6 ). However, the signals that orchestrate this complex pattern of gene expression have not been determined. Conceptually, there are two alternative mechanisms for control of G 1 to S progression (7). The first is noncell autonomous regulation by circulating or locally produced cytokines or growth factors. Candidates include hepatocyte growth factor (HGF), transforming growth factor ␣ (TGF␣), and epidermal growth factor (EGF) (reviewed in refs. 1 and 2). In this view, the timing of production or release of growth factors would have an instructive role in hepatocyte progression through G 1 to S. In the second mechanism, passage through G 1 is cell autonomous: the sequence and timing of molecular events is determined by a program within the hepatocyte itself that is activated on entry into G 1 . In this view, locally or distantly produced cytokines or growth factors may have a permissive role in the process, but would not override the internal hepatocyte ''G 1 clock.''
To identify the type of mechanism controlling hepatocyte passage through G 1 to S, we have exploited the difference between rat and mouse hepatocytes in the timing of entry into S phase after partial hepatectomy. In rats, DNA synthesis initiates approximately 20 h posthepatectomy, whereas in mice this process initiates at 32-36 h posthepatectomy. By using chimeric livers composed of both rat and mouse hepatocytes in a mouse host, we find that hepatocytes maintain their speciesspecific response to partial hepatectomy. This finding demonstrates cell autonomous regulation of the timing of hepatocyte progression from G 0 to S.
Methods
Animals. Targeted expression of urokinase-type plasminogen activator (uPA) to mouse hepatocytes is hepatotoxic. uPAexpressing hepatocytes eventually are replaced by progeny of hepatocytes that delete the hepatotoxic transgene, clonally proliferate, and repopulate the liver (8) . Transplantation of healthy donor hepatocytes into the spleen of young uPA transgenic mice also can reconstitute a large fraction of the diseased uPA transgenic mouse liver (9) . Furthermore, immunodeficient uPA transgenic mice can support extensive parenchymal repopulation (up to 100%) by rat donor hepatocytes despite differences in adult hepatocyte size and ploidy between those hepatocytes (10). We recently described transgenic mice carrying a major urinary protein (MUP)-uPA transgene construct that similarly permits parenchymal repopulation by donor hepatocytes (11) , and these mice were used in the studies described below. MUP-uPA transgenic mice are identified by PCR as described (11) . Female C57BL͞6 transgenic mice were mated with homozygous athymic (nude) Swiss male mice (nu͞nu; Taconic Farms) to generate heterozygous nu͞ϩ transgenic mice. The nu͞ϩ transgenic females subsequently were mated with nu͞nu nontransgenic males to generate transgenic nu͞nu homozygotes (identifiable by lack of hair). These immunocompromised MUPuPA transgenic mice were used as recipients of hepatocytes isolated from Fisher 344 (F344) rats or from mice carrying a human placental alkaline phosphatase (hPAP) marker transgene (12 Hepatocytes were isolated from F344 rats or mice carrying a transgene encoding hPAP (12) by using a modified two-step EDTA͞collagenase protocol (13) . The concentration of viable cells was determined by trypan blue exclusion measurements using a hemacytometer. Recipient mice between 2 and 4 weeks of age were anesthetized with tribromoethanol (Avertin; ICN), the spleen was exteriorized through a small left flank incision, and a Hamilton syringe (no. 81041; Hamilton) with a 26-gauge needle was used to inject 10 l of the cell suspension into the spleen. The spleen was returned to the abdominal cavity and the incision site was closed with suture and wound clips. The total number of viable hepatocytes transplanted into each recipient mouse was 2-10 ϫ 10 5 . Recipient mice were held for at least 13 weeks to allow time for proliferation and reorganization of donor hepatocytes into normal-appearing parenchyma before partial hepatectomies were performed. Before two-thirds partial hepatectomy, mice were anesthetized with Avertin supplemented with methoxyflurane (Mallinckrodt) as needed. Rats (at least 9 weeks old) were anesthetized with 30 mg͞ml ketamine hydrochloride (Fort Dodge Laboratories, Fort Dodge, IA) and 3 mg͞ml xylazine (Phoenix Pharmaceuticals, St. Joseph, MO). The left and median lobes of the liver (constituting approximately 70% of total liver mass) were removed by the method of Higgins et al. (14) through a mid-abdominal incision. Experimental animals were allowed to recover on a 37°C warm plate. All surgeries were performed between 10:00 a.m. and 2:00 p.m. to control for diurnal variation Immunohistochemistry and Histochemistry. Animals were administered 200 mg͞kg body weight BrdUrd (Sigma) 1 h before sacrifice. Livers were weighed, fixed in formalin overnight or 4% paraformaldehyde for 1-2 h at 4°C, embedded in paraffin, and sectioned at 6 m. A section of small intestine was collected as a positive control for BrdUrd incorporation. Unstained slides were deparaffinized in xylene and hydrated in graded alcohols. Slides were washed in 0.5% H 2 O 2 in methanol for 20 min to block endogenous peroxidase activity, then boiled in 0.1 M Tris buffer for 10 min in a microwave. To identify rat-derived donor hepatocytes, we used mouse monoclonal antibody 106 (mAb 106, a gift of Ron Faris, Rhode Island Hospital and Brown University, Providence, RI) that is specific for a rat hepatocyte cell adhesion molecule (CAM) present on rat bile canaliculi. This antibody was diluted 1:5 in 0.1% nonfat dry milk in PBS and applied to tissue sections for 12-18 h in a humidified chamber.
Slides were washed twice in PBS for 5 min each, incubated with biotinylated goat anti-mouse immunoglobulins (AS1200-16; Innogenex, San Ramon, CA) for 30 min, washed twice in PBS for 5 min each, incubated with peroxidase-conjugated streptavidin (CJ-1005-50; Innogenex) for 30 min, and finally incubated with 3,3Ј-diaminobenzidine [DAB (D-4293; Sigma)] for 5 min. Next, to identify BrdUrd-labeled nuclei, these same slides were incubated for 12-18 h in a humidified chamber with monoclonal rat anti-BrdUrd (MAS 250; Harlan Sera-lab, Sussex, U.K.) diluted 1:40 in 0.1% nonfat dry milk. Specific stain was detected by using biotinylated goat anti-rat immunoglobulins (AS-2100-16; Innogenex), peroxidase-conjugated streptavidin, and DAB as described above. Tissues were counterstained in hematoxylin for 5 min, then dehydrated and mounted under a coverslip.
To detect connexin 32, a gap junction protein present in hepatocytes, livers were frozen in tissue embedding media (SH75-125D; Fisher Scientific) and sectioned at 11 m. Slides were fixed in 4°C acetone for 10 min, then washed in 0.5% H 2 O 2 in methanol and boiled as described for BrdUrd immunohistochemistry. Polyclonal rabbit anti-connexin 32 antiserum (90-0500; Zymed) was diluted 1:90 in 0.1% nonfat dry milk in PBS and applied to tissue sections for 12-18 h in a humidified chamber. Slides were rinsed twice in PBS, incubated with anti-rabbit immunoglobulins (AS-1400-16; Innogenex) and peroxidase-conjugated streptavidin (Innogenex) each diluted 1:4 in PBS, then incubated with DAB.
To detect hPAP-marked mouse donor cells, recipient livers were fixed in 4% paraformaldehyde for 1-2 h at 4°C, embedded in paraffin, and sectioned at 6 m. Slides were heated to 65°C for 30 min in alkaline phosphatase (AP) buffer (pH 9.5) containing 0.1 M Tris⅐HCl, 0.1 M NaCl, and 5 mM MgCl 2 , then incubated 48 h at 37°C in AP buffer plus 0.17 mg͞ml BCIP [5-bromo-4-chloro-3-indolyl phosphate (B-6149; Sigma)]. The hPAP-marked donor hepatocytes displayed a blue reaction product. Slides subsequently were stained immunohistochemically to detect BrdUrd, as described above.
Experimental Design. Animals in four groups were subjected to two-thirds partial hepatectomy, then killed at 4-h intervals between 20 and 48 h posthepatectomy. Experimental groups were (i) F344 rats, (ii) nu͞nu nontransgenic mice or nu͞nu MUP-uPA transgenic mice that had not received hepatocyte transplants, (iii) nu͞nu MUP-uPA transgenic mice with chimeric livers composed of both endogenous mouse and donor rat hepatocytes, and (iv) nu͞nu MUP-uPA transgenic mice with chimeric livers composed of both endogenous mouse and donor hPAP-marked mouse hepatocytes. Several animals from each group also were killed without hepatectomy (0 h). A BrdUrd labeling index was determined by examining approximately 1,000 hepatocyte nuclei for each class of hepatocyte (endogenous and donor) per slide at ϫ400 magnification, and expressing the number of BrdUrd-labeled nuclei as a percent of all nuclei counted. For each liver, nuclei from all zones of the hepatic lobule were examined.
Results
The hepatic responses of rat and mouse livers (groups i and ii) to two-thirds partial hepatectomy were consistent with previous reports (3, (15) (16) (17) for each species (Fig. 1 A and B and Fig. 2 A,  B, D, and E) . Rat hepatocytes displayed an initial peak of BrdUrd incorporation (DNA synthesis) at 24 h posthepatectomy and a second broader peak between 32 and 40 h. In mice, increased labeling became apparent at 32 h and peaked at 40 h. Labeling indices at 24 and 28 h were significantly different between species (P ϭ 0.009 and P ϭ 0.002, respectively; MannWhitney U test). The peak percent of labeled cells for each species was less than in some published reports and the second peak in rat cells was larger, as anticipated for animals of the advanced age used in this study (18) .
Hepatocytes in rat͞mouse chimeric livers (group iii) displayed BrdUrd labeling indices that were not statistically different from their species of origin at all timepoints (Fig. 1C and Fig. 2 C and  F) . Rat cells in a mouse host displayed peaks at 24 and 36 h, and mouse cells displayed a peak at 40 h. Rat and mouse hepatocyte labeling indices in chimeric livers were statistically different from one another at 24 and 28 h (P ϭ 0.015 and P ϭ 0.015). To determine whether transplantation altered the response of hepatocytes to partial hepatectomy, we also compared BrdUrd labeling indices between endogenous and donor mouse hepatocytes in MUP-uPA transgenic mice that had received transplanted mouse cells (group iv, Fig. 2 G and H) . In 4 mice examined at the 24 and 28 h timepoints, the mean labeling index in donor hepatocytes was 2.1 Ϯ 0.9% and in endogenous hepatocytes was 2.6 Ϯ 1.9%. These values did not differ statistically from each other or from the 24 and 28 h labeling indices of endogenous mouse cells in chimeric livers (P ϭ 0.6; Student's t test). Furthermore, for the 11 mouse͞mouse chimeric livers examined between 24 and 44 h, the average ratio of labeling indices in donor versus endogenous hepatocytes was 1.2. Collectively, these data indicate that a history of transplantation does not alter the progression of hepatocytes to S phase after partial hepatectomy.
We also examined the organization of chimeric liver parenchyma at the time of hepatectomy (t ϭ 0). Donor rat and endogenous mouse hepatocytes were present in large patches, not as small foci, and cells of both types spanned all zones of the hepatic lobule (Fig. 2 C and F) . Therefore, differential BrdUrd labeling between rat and mouse hepatocytes in chimeric livers cannot be the result of differential location of cells of each species within the lobule. Staining with anti-connexin 32 antibody demonstrated the continuous and uniform presence of this gap junction protein throughout chimeric parenchyma (Fig. 2 I) . These findings suggested that, at the time of hepatectomy, chimeric livers displayed normal parenchymal organization.
Discussion
Knowledge of the events that induce cellular proliferation after two-thirds partial hepatectomy remains incomplete, but the process must be initiated by signals extrinsic to the hepatocyte (19, 20) . Loss of liver mass and associated changes in metabolism initiate a sequence of events involving TNF␣, IL-6, and possibly other circulating molecules that causes hepatocytes to exit G 0 (1, 2, 6) . In contrast, once DNA synthesis begins, progression through S phase becomes irreversible and therefore not subject to extrinsic control. We find that the timing of progression of rat hepatocytes through G 1 to S after partial hepatectomy is unaltered when these cells are present in a mouse, despite the fact that the mouse environment ''directs'' or ''supports'' significantly different hepatocyte cell cycle kinetics in which the peak of DNA synthesis is delayed by 12 to 16 h relative to rat. If the timing of cell cycle progression was controlled by circulating factors, then the cell cycle kinetics of rat hepatocytes in chimeric mouse livers should reflect the mouse pattern. Thus, in a permissive environment, cell cycle signaling pathways intrinsic to the hepatocyte must assume regulatory control of this process at an early stage after G 0 exit. This defines the process as cell autonomous and provides evidence for a molecular ''mitotic clock'' in hepatocytes that regulates progression through G 1 to S.
If G 1 progression is cell autonomous, what influence do growth factors have on this process? There is strong evidence associating several growth factors, notably HGF, TGF␣, and EGF, with hepatocyte mitosis (1, 2, 21) . First, growth factor signaling through the respective receptors appears necessary for hepatocyte cell cycle progression. Phosphorylation of the c-met receptor for HGF occurs rapidly after two-thirds partial hepatectomy (22) . Epidermal growth factor receptor (EGFR)-mediated activation of the MEK͞ERK (mitogen-activated protein kinase kinase͞extracellular signal-regulated kinase) pathway may be required for passage beyond a late G 1 restriction point (23) . Second, each factor is present in liver at various times posthepatectomy (24) . HGF blood concentration increases shortly after partial hepatectomy (25, 26) , hepatic TGF␣ production peaks at mid to late G 1 (27) , and, in mouse, circulatory EGF is produced constitutively by salivary glands (17) . Based on our data reported above, we suggest that these growth factors have a permissive but not an instructive role during posthepatectomy hepatocyte cell cycle progression (that is, their concentration is not limiting for either rat or mouse hepatocytes during G 1 progression in the mouse). In this view, hepatocyte replication is initiated by external events (related to loss of hepatic mass) occurring immediately after hepatectomy. The sequence and timing of subsequent molecular events (constituting G 1 progression) is directed by a program intrinsic to the hepatocyte itself as long as the environment is permissive. The precise character of the growth factor͞cytokine milieu that constitutes a permissive environment may not be important, provided that ligands for all necessary receptor-mediated signaling pathways are present at a sufficient level during passage through G 1 restriction points.
This model is compatible with existing data regarding the effects of growth factor perturbations on posthepatectomy hepatocyte replication. First, transgenic mice constitutively overexpressing either TGF␣ or HGF in hepatocytes display a steady-state increase in hepatocyte turnover and 1.3-to 2-fold increased hepatic mass (28 -30 ), yet they do not display significant alterations in the timing of posthepatectomy cell cycle progression (29, 30) . Thus, elevation in concentration of either growth factor alone does not provide an instructive signal that alters posthepatectomy G 1 progression. Second, genetically engineered TGF␣-null mice have a normal response (timing and magnitude) to partial hepatectomy (31) , indicating that this factor is dispensable for hepatocyte G 1 progression. In these mice, circulating EGF may preserve the permissive milieu and thereby compensate for the lack of TGF␣ in this species (17) . [A similar analysis of HGF function cannot be conducted because HGF-null mice die in utero (32, 33) .] Third, infusion of these growth factors into rodents, alone or in combination, produces only slight elevations in hepatocyte DNA synthesis 24 to 48 h after the start of infusion. The magnitude of the response to growth factor infusion can be increased 3-to 10-fold if these rodent livers first have been ''primed'' by stimuli such as one-third partial hepatectomy (34, 35) or a brief introduction of collagenase into the portal vein (36) . Nevertheless, the timing of this response remains unaltered relative to the smaller response of primed liver lacking growth factor (34, 35) . Thus, in vivo priming may increase the sensitivity of hepatocytes to exogenous growth factors both in vivo and in vitro (37), but does not inf luence the timing of cell cycle events that require growth factor presence.
This model does not require that G 1 progression be resistant to inf luence by all external stimuli. Several experimental manipulations delay hepatocyte initiation of DNA synthesis after partial hepatectomy, including infusion of TGF␤ during mid to late G 1 (38, 39) , sialoadenectomy in mice (which reduces circulating EGF) (17, 40) , and reestablishment of normal liver mass by surgical addition of heterotopic liver during mid G 1 (41) . These manipulations may render the environment nonpermissive for hepatocyte G 1 progression by greatly elevating the concentration of a growth-inhibitory molecule (TGF␤) or by reducing below a critical threshold the concentration of growth-permissive molecules (on a systemic or per hepatocyte basis). A TGF␤ gradient in the local hepatic microenvironment has been proposed to orchestrate a periportal to pericentral wave of hepatocyte DNA synthesis after two-thirds partial hepatectomy (42) . However, this hypothesis would not be consistent with our data unless a TGF␤ gradient was established differentially in rat versus mouse parenchyma in chimeric livers (recall that parenchyma of both species' origin spanned all zones of the hepatic lobule). The observation that heterotopic liver transplantation inhibits hepatocyte replication after two-thirds hepatectomy suggests that continuous reduction of liver metabolic capacity below a certain threshold also is a necessary condition for hepatocyte G 1 progression in an otherwise permissive host.
Brinster and colleagues (43) have explored regulatory autonomy during the process of spermatogenesis in vivo, by using spermatogonial transplantation to reconstitute mouse seminiferous tubules with rat spermatogonial stem cells. As in our study, Franca et al. (43) determined that spermatogonial cycle length (different in rats and mice) retained its species-specific character in chimeric seminiferous tubules even though the donor rat spermatogonial cells established a close association with mouse Sertoli cells, demonstrating that regulation of this process is intrinsic to the stem cell genotype. Spermatogenesis involves multiple cell doublings but also produces a series of successively more highly specialized cells. There is a gradual reduction of gene transcription as chromosomes become condensed. In contrast, hepatocyte progression through G 1 after hepatectomy involves only one or two cell cycles, produces daughter cells that are identical to the parent cell, and occurs while hepatocyte differentiated functions are retained. Despite these differences, each process displays a characteristic species-specific timing that cannot be altered by placing the relevant cells in a different species context, underscoring the importance of cell autonomous control in diverse biological contexts.
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